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M Field of the Invention 

The invention relates to the measurement of the spatial position and orientation of a recording 
head slider with respect to an adjacent disk surface. The invention is particularly applicable to 
magnetic disk drives, for example for communicating the flying state of magnetic recording head 
5 sliders of specific parameters for the slider such as dynamic flying height, pitch angle and roll angle. 
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Background of the Invention 

The magnetic disk and head are key components of magnetic disk drives. When the disk 
drive is in operation, the magnetic disk rotates at speed, and the magnetic head slider is positioned 
a small distance above the magnetic disk due to the well known "air bearing" effect. 

The distance between the slider and the surface of the magnetic disk ("head-disk spacing") 
is a critical parameter relating to the recording density and reliability of the disk drive. A 
reduction in the head-disk spacing can be used to achieve an increase in recording density. 

In the currently existing drives, the head-disk spacing is around 15 to 30 nanometers (nm). 
It is expected that head-disk spacing will fall far below 10 nm levels in due course. Accordingly, 
the measurement of slider position relative to the surface of a magnetic disk is becoming 
increasingly important for achieving design targets while ensuring product quality. 

At present, optical techniques exist to test the flying height of a magnetic head slider before 
its installation in a magnetic drive. These techniques are generally recognised as unsatisfactory as 
the accuracy and data repeatability in measurement become more critical when technology moves 
to deep sub- 10 nm head disk spacing. Furthermore, the three dimensional stability of a slider's 
position and orientation is becoming crucially important in sub- 10 nm spaced head-disk systems, 
and the currently existing optical techniques cannot provide a direct measurement of the stability. 

Accordingly , it is an object of the invention to address these and other problems associated 
with existing techniques by providing an improved method for measurement of the spatial position 
and orientation of a recording head slider with respect to an adjacent disk surface. 
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Summary of the Invention 

The inventive concept resides in a recognition that the spatial position and orientation of 
a slider relative to the surface of a magnetic disk surface can be dynamically measured by 
simultaneously measuring a number of parameters associated with one or more light beams 
reflected from the slider surface. 

The invention provides a method of dynamically determining the spatial position and 
orientation of a slider positioned above a transparent disk surface, the method including directing 
one or more incident beams of light to an interface between the slider and the disk, simultaneously 
measuring values of light properties of one or more beams of light reflected from said slider-disk 
interface, said simultaneously measured values respectively corresponding with multiple points 
on the surface of the slider which are spaced apart from each other, and calculating the spatial 
orientation of the slider based on said simultaneously measured values. 

Preferably, the number of said multiple points is equal to or greater than the number of 
degrees of freedom said slider has in its movement above the transparent disk. Preferably, said 
number of degrees of freedom and said number of multiple values are both equal to three. 

Preferably, the spatial position and orientation of the slider is characterized in terms of 
three parameters - namely the spacing between the slider and the disk surface, a pitch angle and 
a roll angle of the slider in respect to the disk surface. 

Preferably, the determination of the spatial orientation of the slider involves a 
determination of the spacing between the surface of the transparent disk and respective spaced 
points on said slider. 
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In one embodiment, a single beam of light having multiple discrete or non-discrete 
wavelengths is used. Preferably, in this first embodiment, a light source having multiple 
frequencies is directed to the slider-disk interface. The measurement of multiple parameters 
preferably involves the measurement of the intensity of each of the selected frequency components 
of the light beam after it has been reflected from different points on the surface of the slider. 

Preferably, the light reflected from different points is measured using a light beam having 
a width sufficient to encompass those different points. Preferably, an series of mirrors having 
suitably located pinholes corresponding with those different points is used. 

In a second embodiment, different beams are used to independently monitor different 
points. Preferably, the beams are incident to the slider at an incident angle off normal. 

Description of Drawings 

Figs, la & lb are a schematic drawing in side elevation of a slider/disk interface; 

Fig. 2 is a schematic drawing representing a measuring apparatus for dynamically 
measuring the spatial position and orientation, i.e. the full flying state, of a slider in relation to 
a surface of a glass disk, according to a first embodiment of the invention; 

Fig. 3 is" a" schematic drawing of a detector used in the embodiment shown in Fig. 2; 

Fig. 4 is a representation of a slider in plain view, with three measurement points indicated 
on the slider; 
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Fig. 5 is a schematic drawing of a recording head flying a small distance from a magnetic 
disk, with various parameters indicated; 

Fig. 6 is a schematic drawing indicating the location of measurement points for measuring 
the element flying height of a slider at its read/write element; 

Fig. 7 is a schematic drawing indicating the location of measurement points for measuring 
the minimum flying height of a slider; 

Fig. 8 is a schematic drawing representing a measuring apparatus for dynamically 
measuring the spatial orientation, i.e. the full flying state, of a slider in relation to a magnetic 
disk, according to a second embodiment of the invention; 

Fig. 9 is a schematic drawing of one of the optical systems of the apparatus depicted in 
Figure 8; and 

Fig. 10 is a graph representing the typical relationship between intensity of a reflected 
fringe pattern and flying height. 

Description of embodiments 

Figs, la and lb show a typical orientation of a slider 53 with respect to a magnetic disk 
"52. The disk 52 is installed on a spindle (not shown) and rotates with the spindle. The slider 53 
is positioned a small distance from the disk 52 by virtue of the air bearing effect as the disk 52 
rotates. The slider 53 has an air bearing surface 63 facing the disk 52. The disk 52 is transparent 
and preferably glass so that the slider-disk interface is accessible by light beams. 
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The spacing 60 between the air bearing surface 63 and the disk surface 62 is referred to 
as the slider-disk spacing, or the "flying height" of the slider 53. The slider 53 is able to move 
in three degrees of freedom which are most conveniently described in terms of vertical height, 
pitch angle and roll angle. The spatial position and orientation or "full flying state" of the slider 
53 in relation to the disk 52 can be defined by these three parameters. 

Fig. 2 shows an apparatus for dynamically measuring the spatial orientation of a slider 53. 
A light source 12 produces a light beam 1 consisting of multiple discrete wavelengths of light. The 
light source 12 can be, for example, a Xenon lamp, one or more laser diodes, or a mercury arc 
lamp. When it is incident on the slider 53, the light beam 1 is sufficiently wide to cover a region 
of air bearing surface 63 containing a number of selected measurement points, as further discussed 
below. 

Accordingly, the reflected light beam 4 contains enough information to determine the 
spatial position and orientation of the slider 53. Information is derived in relation to the distance 
between the disk 52 and three discrete spaced points on the air bearing surface 63 of the slider 53, 
and a determination is consequently made as to the spatial orientation of the slider 53 with respect 
to the disk 52. 

A series of three distinct stages of optical componentry is used to measure the reflected 
light intensities associated with three discrete spaced points on the air bearing surface 63. 



In a first stage, light output as beam 1 from the light source 12 passes through collimating 
optics 13, after which it is incident on a beamsplitter 14. The beamsplitter 14 directs the beam 1 
to a region at the interface of the slider 53 and the disk 52 via a microscope objective lens 15. 
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Beam passes through disk 52, which is transparent, and is reflected as beam 4 from air bearing 
surface 63. 

Reflected light 4 from the head-disk interface enters a mirror 16 having a pinhole in its 
surface. A portion of beam 4 passes as light beam 5 through the pinhole to a first detector 
component 17 which converts the intensity profile of the light beam 5 into corresponding electrical 
signals inputed to an analog-to-digital converter 43 connected to a computer 44. The recorded 
values are sampled and stored in the computer 44. 

In a second stage, light beam 6 reflected from mirror 16 is directed to a mirror 22 having 
a pinhole. Light beam 7, which passes through the pinhole in the mirror 22, is directed to a 
second detector component 23 similar to detector component 17. The detector 23 records the 
intensity of light beam 7 and inputs corresponding electrical signals to A/D converter 43. Again, 
the recorded values are sampled and stored in the computer 44. 

In a third stage, light beam 8 reflected from the mirror 22 is directed to mirror 32 also 
having a pinhole. A transmitted light beam 9 is directed to a third detector component 33 similar 
to both the first and second detectors 17 and 23 . As with the first and second stages, light intensity 
is recorded by the detector 33, and is ultimately read by the computer 44 as with detectors 17 and 
23. 

The pinholes in the first, second and third mirrors 16, 22- and 32 respectively correspond - 
with three distinct and spaced measurement points on the air bearing surface 63 of the slider 53. 
The cascaded series of mirrors is used to independently access (using the respective pinholes) light 
reflected from each of the three selected testing points on the air bearing surface 63 of the slider 
53. The detectors 17, 23, 33 are used to measure light reflected from these three respective points. 
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Light beam 10 reflected from mirror 32 is passed to a CCD camera 34 which is connected 
to a video display 42. This provides a visual indication of the slider which can be viewed by an 
operator. 

Fig. 3 shows an example of the components of the first detector 17. The detector is 
structured to allow a determination of the intensities of two wavelengths included in the light beam 
5 passed to the detector 17. The second and third detectors 23 and 33 have the same configuration 
and function in the same manner as the first detector 17. 

A beamsplitter 171 reflects light beam 172 of one wavelength, which is preferably 436 nm, 
towards a 436 nm interference filter 173 and then to photodetector 174. The beamsplitter 171 
preferably has a coating layer of 85% to 95% reflectance at 436 nm and 85% to 95% 
transmittance at 580 nm. A 580 nm light beam 175 passing through the beamsplitter 171 traverses 
a 580 nm interference filter 176 and enters photodetector 177. A separate signal is generated for 
each wavelength, and each signal generated by the photodetectors 174 and 177 is connected to the 
analog-to-digital converter 43. Accordingly, a digital measurement of the light intensities of the 
two wavelengths is made for use by the computer 44 as later described. 

Wavelengths 436 nm and 580 nm are conveniently used as they are two of the peaks lines 
of emission of the mercury arc lamp. Alternatively, other wavelengths can equally well be used, 
such as 404 nm and 546 nm which are other peak lines of the mercury arc lamp. 

Once the two light intensities are measured, the flying height can be measured, as now 
explained. According to the optical thin film theory, the intensity I of the reflected fringe pattern 
is 



Dallas2 755777 v 3, 33726.00017 



8 



Patent Application 
Docket No. 33726-00017USPT 
TX/PSC/D.17279/000 

r? + rS + 2r l r,cosg 
' + rfrf + 2r 1 r 1 cos<y 

where, r x is the reflectance of the disk surface 62 of the disk 52; 

r 2 is the reflectance of the air-bearing surface 63 of the slider 53; 

S is the phase difference corresponding to the light path difference between successive 
transmitted light waves. 

The phase difference 8 is: 
4;mhcos£ < 

s T^-* 

where, X , is the wavelength of the light; 

n is the refractive index of the medium between the disk surface 62 and air-bearing surface 
63, nominally the medium is air; and 

8/ is the angle of incidence of the light wave onto the air-bearing surface 63; 

k is phase shift on reflection from surface 63, which is dependent on the refractive index 
of air : bearing surface 63." " - - — - 

Fig. 10 shows the typical relationship between the intensity of the resultant fringe pattern 
as the flying height is varied between zero and 500 nm. The parameters are as follows: X is 436 
and 580 nm respectively; the refractive index of the disk surface 62, air and air-bearing surface 
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63 are 1.52, 1.0, and 2.15 + j* 0.5, respectively, and 0^ is zero degrees. The light intensity is 
normalized by the (1-1^/(1^ - 1^), where is a maximum of the light intensity, is a 
minimum of the light intensity. 

According to the above expression, the intensity of reflected light is dependent on the 
following parameters; wavelength X of the incident light; the incident angle; the refraction 
coefficients of the disk 52, the air medium and the air-bearing surface 63; and slider-disk spacing. 
All parameters are known except the slider-disk spacing. Thus, if the measured light intensities 
are determined, the slider-disk spacing can accordingly be calculated. 

With reference to Fig. 10, if the measured light intensity is around 1 { for 436 nm 
wavelength, the slider-disk spacing will be near s l9 or s 2 or s 3 . However, of the intensity of light 
with 580 nm wavelength is 1 2 , the possible slider-disk spacings are s l5 or s 4 , or s 5 . Accordingly 
it is deduced that the correct slider-disk spacing is 

Fig. 4 shows the slider 53, and various points on the surface of the slider 53. As an 
example, the distance from the surface of the disk 52 to points A (x^, x b ,), B (y a , y b ) and C (z c , 
z c ) can be directly measured using the apparatus described above, and the readings from these 
three measurements can be used to dynamically determine the spatial orientation of the slider 53. 

Direct measurement of the pole tip G (x g , y g ) of the slider 53 is difficult, due to the 
variation in material and optical constants in this region of the slider 53, compared with the body 
of the slider 53. Also, the flying height of the corner points Ml, M2, M3, M4 is very difficult 
to measure directly. The method of calculating the flying height of these points, and the pitch 
angle and roll angle of the slider 53 is described as follows: 
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Instead, points A, B and C are suitably chosen as reference points. Once the relative 
intensities of the discrete wavelengths of the reflected beam is measured, the flying height of each 
of these points can be determined. This is achieved using the same technique as described above. 

Fig, 5 shows a profile of the slider 53. The flying heights of reference points A, B and C 
above the surface of the magnetic disk 52 are denoted H a , H b and H c respectively. Also, points 
A, B and C are attributed planar co-ordinates (A (3^, y a ), B (x b , y b ) and C (x c , y c )) in a plane 
parallel with the surface of the magnetic disk 52. 

With this reference, the position of points A, B and C are for convenience chosen so that: 

X a = Xb 

y =y*±y>L 



Since pitch angle (designated a) and roll angle (designated P) are both less than 0.001 
radians, cos(o) very closely approximates to 1. This approximation simplifies the calculation of 
the pitch angle a and roll angle J3 using the equations directly below. 



a = tan 1 



( H a +H b +P a +P b -2Hc-2P c ^ 



2-{x c - x a ) 



P= tan" 1 



The minimum flying height of the slider (H TOn ) can be determined using any appropriate 
algorithmic technique once the values of each of the respective heights are determined. 
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KU. = nriin(H m t, H m 2, H m 3, Hm4) 

- // e - Mx., - x) - ^(y. - y.) + p« - P ttl 
//- = H,-a-{x~ - k)- - y> p.- P mJ 

= // e - a .(x^ - x)- fify* - y> p. - p„ 
H«-Hr - x) - ^(y^ - y> p.- 

Further, the flying height (H g ) of the read/write element can be expressed as follows: 

Hg =H c -a{Xg -X c ) -fi{y g -y c )+Pc~Pg 

Of course, different measurement points can be used, and different calculation steps can be 
performed. 

Fig. 6 shows three points A, B and C arranged around the point G. The flying height of 
the read/ write element G can be calculated from the flying heights at testing points A, B and C 
by curve fitting methods. 

Fig. 7 shows three points A, B and C arranged near a corner point M. The flying height 
of the point M can be calculated using two-dimensional curve fitting methods. . 

Fig. 8 shows a second embodiment of a system for dynamically measuring the spatial 
orientation of a slider. Instead of using a series of pinholed mirrors to isolate the light reflected 
from different points on the air bearing surface 63, three groups of beams and respective detectors 
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are used to independently measure the distance from the magnetic disk 52 to three respective 
spaced points. 

Three optical assemblies 100', 200' and 300 1 are substantially identical in structure and 
configuration. Each of the assemblies 100', 200* and 300' can use the same wavelengths and 
incident angles or different wavelengths and/or incident angles. The different wavelengths and 
incident angles can be independently chosen. 

Position adjustment assemblies 101', 201' and 301' are used to position their respective 
optical assemblies 100 1 , 200 f and 300' so that those optical assemblies are located to measure the 
height of three suitable respective points A, B and C. 

In this way, the spatial orientation of the slider 53 can be measured by the following steps: 

(a) selecting the position of points A, B and C on the air bearing surface 63 of the 
slider 53; 

(b) adjusting the assemblies 101', 201', and 301' to position the optical assemblies 
100', 200* and 300' so that the flying heights of points A, B and C are measured; 

(c) measuring the distance between the disk 52 and the points A, B and C on the air 
bearing surface 63; and ~ _ _ 

(d) calculating the spatial orientation of the slider 53 based on the measured distances. 
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The lamp source and detector can be the same as the first embodiment that as illustrated 
in Fig. 2, though this needs not to be the case. 

Fig. 9 shows an example of the optical assembly 100' indicated in Fig. 8. Optical system 
100' includes a light source IT which provides a light beam V having respective non-zero 
5 orthogonal polarisation vectors s and p. A focussing lens 12 1 directs light 1' to a polarising 
element 13 1 . The polarisation of the light 1 ' is adjusted to provide a better signal-to-noise ratio 
in measured values. 

Q The resulting light T is directed to a region between the slider 53 and the disk 52 at an 

i,q incident angle typically between 0° and 80° . 

fU 
rU 

1$: The reflected light 3' from the head-disk interface passes through a lens 14\ and is then 

v 4 directed to phase shift component 15' which adjusts the phase difference of the s- and p-type 
□ polarisations in the light 3 ' . 

□ 

! A? The light 3 ' then passes through a filter 16* and enters a detector 17* similar to the detector 

Q 

M 17 used in the first embodiment. The detector 17' measures the intensity of light in each 
15 polarisation direction as well as the combined intensity. The detected data are recorded in the 
computer 44 after digitization via the analog-to-digital card 43. 

Accordingly, instead of measuring the intensities of two different wavelengths of light in - 
one beam, the relative intensities of each orthogonal polarisation can be measured as an alternative 
method of determining the distance from the magnetic disk 52 to three spaced points A, B and C 
20 on the slider 53. 
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Once the flying height measurement is performed, the spatial orientation or full flying state 
of the slider 53 can be calculated in a manner similar to that described in the first embodiment. 

While specific embodiments of the invention are shown herein, it should be apparent to those 
skilled in the art that it is not so limited, but is susceptible to various changes without departing from 
the scope of the invention. 



Dallas2 755777 v 3, 33726.0001 7 



15 



